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ABSTRACT
Generator operating at a limited speed range is essential for improving me-
chanical to electrical conversion efficiency in many high-power conversion
systems, such as wind turbines and future ship turbine-generator systems.
To meet the power quality requirements while supporting the variable speed
operation, ac-dc conversion is required as the interface between the gener-
ators and a dc power grid. Therefore, high-efficiency ac-dc conversion is
crucial to improve the overall conversion efficiency.
An ac-dc conversion architecture integrating power electronics to a multi-
port permanent-magnet synchronous generator was proposed for higher ac-dc
conversion efficiency and higher system reliability. This architecture series
stacks passive rectifiers and one active rectifier to generate a constant dc bus.
Each of the rectifiers is powered by one three-phase port from the generator.
The efficiency and reliability improvements come from the use of passive
rectifiers to process a portion of the total power.
A simulation model and a laboratory prototype were built to illustrate
the feasibility of the proposed architecture. However, the prototype still has
unsatisfactory dynamic performance. The dc bus voltage under a generator
speed change still contains unwanted oscillation in the transient response.
This thesis focuses on resolving the problem by two methods: (i) study the
oscillation mechanism by investigating a realistic generator model and im-
plementing a ramp command in speed change; (ii) achieve a better transient
response of the dc bus voltage profile under the changes by appropriately
improving the dc bus voltage controller on the experimental setup.
Subject Keywords: Power Conversion, Ac-dc power Converters; Generators,
Permanent Magnet Machines; Control Systems, Motor Control, Power Gen-
eration Control
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CHAPTER 1
INTRODUCTION
1.1 Motivation
Operating generators at variable speed has become increasingly important
in many applications to increase the power generation efficiency. Energy
efficiency is one of the most important aspect in power generation, especially
at high power level. The following medium voltage dc (MVDC) applications
all require ac-dc power conversion.
In wind energy applications, studies have shown [1] that wind turbines
operating at variable speed have higher efficiency than conventional fixed-
frequency turbines. However, operating at variable speed produces an ac
with varying frequency and thus unable to be directly transferred to the ac
power grid. An intermediate dc bus must present such that the power can
be converted back to the grid with the required frequency.
An ac power grid is most common in conventional ship applications. Due
to the upcoming changes in the nature of the loads over the next years, a dc
power grid will become more efficient and meet the electrical power demand
for warships [2]. This shift from the conventional ac grid to a dc power
grid will be imminent in the near future. Variable speed generators will be
used to increase efficiency of power generation and ac-dc power conversion is
necessary.
1.2 Background
At high power level, synchronous generator is most commonly used for mechanical-
electrical power conversion. For variable speed applications, permanent mag-
net synchronous generator (PMSG) is more favorable than other alternatives
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due to higher power density and efficiency. The back emf generated by a
PMSG is typically a three phase sinusoid with the magnitude and frequency
directly proportional to the rotor speed [3]. The electrical frequency gen-
erated by a PMSG is also dependent on the number of magnetic rotor pole
pairs pp. In Equation (1.1), f is the frequency in Hertz, RPM is the rotating
speed in rpm and pp is the number of pole pairs.
f = RPM · pp
60
(1.1)
To regulate the dc bus voltage of such a system often requires active control
during rectification. Rectification is the process of converting ac power to dc
power, which could either be done passively of actively. A three-phase passive
rectifier constitutes from six diodes, shown in Figure 1.1. For this topology
and its diode operation, the output voltage Vu will always positive. The diode
bridge however, does not provide any output voltage control capability, which
is a major drawback since most application requires the dc side voltage to be
constant regardless of the generator operating speed. The electrical power
output Pm is proportional to the mechanical torque Tm and speed RPM of
the generator shown in Equation (1.2). It can be derived from Equation
(1.2) that the magnitude of the induced voltage is therefore also directly
proportional to the speed of the generator Equation (1.3). Since the input
AC line-neutral voltage can be variable, a typical passive rectifier is unable
to regulate a constant dc bus voltage. In such a converter, the dc bus voltage
is proportional to the line-neutral voltage.
Pm ∝ Tm ·RPM (1.2)
Vl−n ∝ RPM (1.3)
An active rectification provides dc side voltage control capability and is
required to regulate the dc output voltage. Figure 1.2 is a three-phase six-
switch topology, a commonly used active rectifier which regulates the dc
bus voltage through turning the switches on/off. The signal for switching
is done through Pulse-Width-Modulation (PWM) signals. Top and bottom
switches are always driven by complementary signals to avoid shorting the
power supply. Appropriate control on the switches can regulate the dc output
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voltage Vc.
Figure 1.1: Typical Three Phase Passive Rectifier [4]
Figure 1.2: Common Three Phase Active Rectifier with PWM Control [4]
This thesis focuses on a series stacked ac-dc conversion power system for a
PMSG operating in a limited speed range. A series stacked ac-dc converter
combines both active and passive rectifiers from the multi-port PMSG in
ac-dc conversion to maximize the advantages of each rectifier while comple-
menting their disadvantages. The local dc output will be stacked serially to
a desired overall dc bus voltage Vdc. A general architecture of such system
is shown in Figure 1.3, the passive and active modules represent Figure 1.1
and Figure 1.2 respectively.
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Figure 1.3: Series Stacked Ac-dc Converter Architecture with Multi-Port
PMSG [4]
This architecture consists of both passive and active rectifiers, and any
benefits of using passive rectification will be reflected on the overall system.
The benefits of a passive rectifier over an active rectifier can be listed into
three main aspects: Higher efficiency, higher reliability, and lower voltage
ratings for electrical components.
The efficiency of a passive rectifier is higher than that of an active rectifier.
The power losses in power electronics can be divided into conduction loss
and switching loss. For passive rectifiers, the diodes do not serve as switches
and hence no switching loss is present. In high voltage conversion systems,
the conduction loss due to forward-bias voltage in diodes and drain-source
resistance in MOSFETs are negligible compared to the switching losses. Less
loss will be present if passive rectifiers are used instead of active rectifiers.
Reliability-wise, passive rectifier also trumps over active rectifiers. The
rectification of an active rectifier requires external PWM control signals to
operate, while the diodes in a passive rectifier always operates accurately. An
erroneous PWM signal could turn on two switches in an active rectifier at
the same phase, causing a short circuit and likely damage the system. With
passive rectification in the system, the system requires less control inputs,
hence increasing reliability.
Lower voltage ratings for the electronics are required in a series stacked
ac-dc converter. Each individual rectifier rectifies ac to a dc output voltage,
which would only be a fraction of the overall dc bus voltage. This means
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that the voltage ratings for all components in each rectifier will be smaller
compared to that of conventional ac-dc converter.
1.3 Purpose
A down-scaled prototype system of the architecture in Figure 1.3 has been
built in the laboratories. See Appendix A for the setup procedure and further
details. The current architecture consists of two passive rectifiers and one
active rectifier, shown in Figure 1.4.
Figure 1.4: Block Diagram of Prototype System [5]
The actual data of passive/active rectifier output voltages and overall dc
bus voltage during a transient response was recorded (Figures 1.5-1.6). In
this experiment, a speed change was initiated at t = 0.5 s, and the magnitude
of the speed was reduced from 1 pu (per unit) to 0.88 pu. Note that the
passive rectifier output voltage Vpas is the voltage of two passive rectifier
combined. In Figure 1.5, as expected, Vpas reduces proportionally by roughly
12 % in steady state, and shares an identical transient response as the speed
waveform. The active rectifier output voltage Vact increases in response to
keep the dc bus voltage Vdc constant. The waveform of the dc bus voltage
Vdc, which is equal to the sum of Vact and Vpas is shown in Figure 1.6. The
steady-state error due to a speed change is near zero, which is desirable.
Nevertheless, during the transient response, the dc bus voltage Vdc oscillates
and reaches a maximum overshoot more than 2 %.
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Figure 1.5: Passive and Active Rectifier Dc Output Voltages during Speed
Change
Figure 1.6: Dc Bus Voltage during Speed Change
This thesis will focus on investigating the cause of the undesirable transient
response in Figure 1.6 and propose two methods to regulate the dc bus voltage
within ±2 % of the reference voltage during a change in generator speed.
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These methods will be then tested on a simulation as well as the actual
prototype.
The first method requires the understanding of an electrical-mechanical
properties of a PMSG and the speed regulation dynamics of the generator
of the current prototype. A ramp command in speed will be implemented
instead of a sudden step command. The maximum slope for such ramp will
be derived theoretically and experimentally such that the oscillation of the
output voltage will not exceed ±2 % of the reference voltage.
The second method requires the understanding of the current voltage con-
troller for the active rectifier. Using pole placement strategies on the system,
Ki and Kp values for the controller will be derived theoretically and proven
experimentally such that the dc bus voltage does not exceed the required
voltage during oscillation.
1.4 Outline
This thesis will be organized into the following chapters:
• Chapter 2 will investigate the mechanical-electrical properties of a
PMSG and a simulation model identical to the actual prototype will
be created. The maximum slope of a ramp command to keep the ref-
erence voltage within the required values will be derived theoretically
and experimentally.
• Chapter 3 will review the current active rectifier controller, and based
on the system’s response in Chapter 2, a new PI controller will be ob-
tained theoretically and proven experimentally such that the transient
response meet the requirements.
• Chapter 4 will show the research results of the methods from Chapter
2 and Chapter 3 implemented on the simulation and actual prototype
system
• Chapter 5 concludes the thesis and discusses potential future pos-
sibilities brought forth by a systematic approach to understand the
electrical-mechanical dynamics of a generator
.
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CHAPTER 2
SPEED COMMAND IMPROVEMENT
This chapter will investigate the mechanical and electrical properties of the
prototype system and design a ramp command for the speed generator to
reduce the magnitude of oscillation in speed. To design the implementation
of a ramp command in the generator speed, a deeper look into the current
simulation model is essential to comprehend the prototype system and adjust
the problem. The ramp command in speed will be tested on the simulation
and the results will be presented in Section 2.5.
2.1 The Current Simulation System
The current simulation model, shown in Figure 2.1, resembles closely to the
block diagram of the actual prototype in Figure 1.4. Two passive rectifiers
and one active rectifier controlled through PWM switching signals (voltage
controller) are serially stacked such that the voltage across the load is the dc
bus voltage.
The major difference between the current simulation system and the actual
prototype system is that an ideal three-phase voltage source is used in the
simulation instead of a generator model. (See Figure 2.2.) In an ideal voltage
source, the output voltage magnitude and frequency are fixed; while in a
generator, the output voltage magnitude and frequency are dependent of the
mechanical speed ωm.
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Figure 2.1: Simulink Model of System
The original voltage source model was unable to simulate the transient
response of a speed change, as mechanical speed was not a parameter in
the simulation profile. Replacing the ideal voltage source with a simplified
synchronous machine (SSM) allows change in speed and accurate mechanical-
electrical responses.
Figure 2.2: Ideal Voltage Source Model (left) and Simplified Synchronous
Machine Model (right)
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2.2 Generator Model and General Parameter Values
The SSM model block in Figure 2.2 in Simulink models both the mechan-
ical and electrical characteristics. The essential parameters which needs to
be obtained for the SSM to replicate the actual generator is the internal
impedance (Rm; Xm), inertia of the generator (J), number of pole pairs (pp)
and an equivalent speed regulator.
The internal resistance value Rm of the generator is 2 Ω, and the internal
inductance value Lm is roughly 13.3 mH for each phase; these values are
obtained from the actual prototype generator. Since the impedance of an in-
ductor depends on the electrical frequency, Equation (2.2) shows the relation
between Lm and Xm.
Rm = 2 Ω (2.1)
Xm = ωe · Lm (2.2)
Xm = 0.0133 ωelec (2.3)
The mechanical system of the SSM model can be modeled in Equations
(2.4) - (2.5) and pictured in Figure 2.3. Tm is the mechanical torque and Te
is the electrical torque. See Appendix B for more information.
∆ωm(t) =
1
2H
∫ t
0
Tm − Te dt−Kd∆ωm(t) (2.4)
ωm(t) = ∆ωm(t) + ω0 (2.5)
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Figure 2.3: Control Diagram of SSM
H from Equation (2.4) is the constant of inertia, and its derivation is shown
in Equation (2.6) - (2.7) [6]. S from Equation (2.6) is the nominal base power
of the generator. The determination of the inertia J in Equation (2.7) will
be covered Section 2.3.
H =
K.E.
S
(2.6)
K.E. =
1
2
Jω2m (2.7)
Depending on the number of pole pairs pp in the generator, the relationship
between the mechanical speed ωm and the electrical speed (frequency) ωe is
shown in Equation (2.8). For the actual generator, number of pole pairs pp
is 24, hence the electrical frequency is 24 times higher than the mechanical
frequency, shown in Equation (2.10).
ωe = ωm · pp (2.8)
pp = 24 (2.9)
ωe = 24 ωm (2.10)
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2.3 Measuring Inertia J of Actual Generator
To obtain the inertia J of the generator, two procedures must be performed
on the prototype generator. The first procedure will obtain the coulomb
friction coefficient c and viscous friction coefficient b; with the friction coef-
ficients, the second procedure will obtain the inertia J . The inertia of the
prime mover is given in the data sheet [7], which is roughly 0.00128 kg ·m2.
The initial estimation of generator inertia is set to be 10 times larger than
this value.
The initial procedure measures the mechanical torque Tm of the machine
running at various constant speeds with no load. When the generator is
running at a constant speed with no load, the amount of mechanical torque
Tm required to keep the speed constant can be considered as the friction
torque Tf (Equation (2.11)). A simple torque friction model can be used to
model the system, shown in Equation (2.12). In this system, c is the coulomb
friction coefficient and b is the viscous friction coefficient. While the actual
torque and speed relationship is not linear; if the generator is not running at
low speeds, Equation (2.12) will give a decent approximation.
Tf = Tm (2.11)
Tf = b · ωm + c (2.12)
The generator of the prototype system returns data of the current speed
ωm, mechanical torque Tm, electrical power Pe, and other information to the
user. Since Tm is a given parameter, the data of Tm is recorded when the
constant speed is increased from 100 RPM to 180 RPM. The friction torque
versus speed plot is shown in Figure 2.4. With the linear approximation equa-
tion of the data obtained, and using Equation (2.12), the coulomb friction
coefficient c is 0.2648 and the viscous friction coefficient b is 0.009277.
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Figure 2.4: Friction Torque at Various Constant Generator Speed
c = 0.2648 (2.13)
b = 0.009277 (2.14)
The second procedure requires the observation of the speed decay of the
generator when the power is cutoff in the system. During the decay of speed,
the dynamics of the system can be described by the differential equation in
Equation (2.15). This can be transformed to the Laplace domain (Equation
(2.16)). Using partial fractions, Equation (2.16) can be rewritten in terms of
Ω(s), shown in Equation (2.17). Converting Equation (2.17) from Laplace
domain back to time domain and moving the constant coefficient to the Left-
Hand-Side (LHS) gives Equation (2.18). Finally, taking the natural logarithm
on both sides in Equation (2.18) results in Equation (2.19).
Jω˙ + bω + c = 0 (2.15)
JsΩ(s) + Jω(0) + bΩ(s) +
c
s
= 0 (2.16)
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Ω(s) =
− c
b
s
+
ω(0) + c
b
s+ b
J
(2.17)
ω(t) +
c
b
= (ω(0) +
c
b
) · e− bJ t (2.18)
ln(ω(t) +
c
b
) = ln(ω(0) +
c
b
)− b
J
t (2.19)
The reason behind the transformations from Equation (2.15) to (2.19) is
to obtain the relationship between inertia J and ω(t). In Equation (2.19),
the first term on the RHS is a constant value, while the second term is a
linear function with time t. Since inertia J is in the second term, obtaining
the slope of the linear approximation on the LHS will give the value of J
(2.20). ω(t), the decaying speed ramps of multiple initial speed is recorded,
and the LHS of Equation (2.19) is plotted against time in Figure 2.5.
slopeln(ω(t)+ c
b
) = − b
J
(2.20)
Figure 2.5: LHS of Equation (2.19) versus Time
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The average slope of the linear approximations obtained from Figure 2.5
was -0.40566. J can be obtained using Equation (2.20) and b obtained in
Equation (2.14) and is calculated to be 0.0229 kg ·m2. This value is roughly
20 times larger than the prime mover and is close to the expected value.
Jest = 0.0128 kg ·m2 (2.21)
Jactual = 0.0229 kg ·m2 (2.22)
2.4 Speed Regulator Design
To design a speed regulator for the generator, the step response of the speed
of the prototype generator must be observed in detail. Manipulating and
normalizing the speed response data from Figure 1.5 and 1.6, a new plot
with a more defined step response is shown in Figure 2.6. Based on the
observation of the response, it can be interpreted that the system is roughly
a second-order system. The values of overshoot Mp (2.23) (maximum value
with respect to steady-state value), rise time tr (2.24) (time it took to rise
from 10 % to 90 % of steady-state value), and settling time ts (2.25) (time it
took to settle within ±5 % of steady state value) have also been calculated.
Note that the noise ripple at steady state is more than ±5 %, hence the
settling time is set to ±10 %.
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Figure 2.6: Step Response in Speed of Prototype Generator
Mp = 81.85 % (2.23)
tr = 0.09 s (2.24)
ts = 1.93 s (2.25)
Since it has been assumed to be a second-order system, a proportional-
integral (PI) controller will be implemented to duplicate the actual speed
controller. The proposed PI controller is shown below in Figure 2.7 and its
transfer function given as Equation (2.26).
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Figure 2.7: Proposed PI Controller for Speed Regulator
H(s) =
Ω
Ωref
=
K1
s2 +K2s+K3
(2.26)
A prototype transfer function for a closed loop second-order system is
given in Equation (2.27). ζ is the damping ratio and ωn is the natural
frequency. The approximate overshoot Mp, rise time tr and settling time ts
of such prototype function in given in Equation (2.28), (2.29) and (2.30),
respectively.
H(s) =
ω2n
s2 + 2ζωns+ ω2n
(2.27)
Mp = e
( −piζ√
1−δ2
)
(2.28)
tr =
1.2− 0.45ζ + 2.6ζ2
ωn
(2.29)
ts = − 0.5
ζωn
ln(
1− ζ2
400
) (2.30)
Using the obtained values in Equation (2.23) and the given relation in
Equation (2.28) the value of ζ is given in Equation (2.31). Given ζ, tr and
ts with two Equations (2.29) and (2.30), two values of ωn can be obtained.
ω1 is the ωn obtained with the rise time function, and ω2 is the ωn obtained
with the settling time function. However, since the settling time obtained is
for ±10 % instead of ±5 %, which should had been significantly longer, the
ωn obtained with Equation (2.30) would be inaccurate. ω1 will therefore be
used for ωn.
17
ζ = 0.0636 (2.31)
ω1 = 13.132 rad/s (2.32)
ω2 = 24.414 rad/s (2.33)
ωn = ω1 = 13.132 rad/s (2.34)
Returning the obtained values of ζ and ωn to the designed system in Figure
2.7, K1 and K3 values are 172.4, and K2 is 1.67.
K1 = K3 = ω
2
n = 172.4 (2.35)
K2 = 2ζωn = 1.67 (2.36)
2.5 Simulation Results with Actual Generator
With the parameter values obtained in Section 2.2, inertia J obtained in 2.3,
and the speed regulator designed in Section 2.4, a step response in speed
will be simulated on the simulation. The speed change command will be
initiated at t = 0.5 s from 1 pu to 0.88 pu and plotted against the actual
speed waveform of the prototype system in Figure 2.8.
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Figure 2.8: Prototype and Simulink Step Response of Speed Change
The result of this simulation is satisfactory. While the speed profiles are
not identical, they share an identical overshoot, same rise time and similar
oscillation frequency. Nevertheless, since the assumption that had been made
on the prototype system was a second-order system with two poles and no
zeros, it is impossible to create an identical response with such limited infor-
mation. While this particular response resembles the actual system closely,
a step response of speed from 1 pu to 0.7 pu for instance could be different.
A ramp reference command will next be implemented instead of a step
command. Note that since the speed reference command signal is given
by the PC through a lab-view interface on the actual prototype system, the
program can be updated such that the ramp command derived in this section
can be implemented on the prototype system as well.
Shown in Figures 2.9 and 2.10 are the transient response of the systems
with a step and ramp command in reference speed, respectively. The change
of speed command is initiated at t = 0.5 s and the reference dc bus voltage is
set at 88 V, same as the data obtained from the prototype system in Figure
1.6. The ramp command has a slope of 0.36 pu/s, and this value was exper-
imentally obtained such that the overshoot of the oscillation of the dc bus
does no exceed ±2 %.
19
Figure 2.9: Transient Dc Bus Voltage and Speed Response with Step
Command
Figure 2.10: Transient Dc Bus Voltage and Speed Response with Ramp
Command
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The result of the ramp command compared to the step command on the
speed response was intuitive. A ramp down of the speed reference command
would cause a smaller oscillation magnitude of transient speed response.
Since the oscillation of the generator speed is almost directly reflected on
the the dc bus voltage, a smaller oscillation in speed meant a lower ringing
at the dc bus voltage.
This chapter has derived and provided some useful mechanical-electrical
properties that could be useful while designing a new voltage controller for
future work. Understanding the properties of the prototype generator, the
simulation had become more realistic and implementing parameters have be-
come much quicker and simpler. The maximum slope for the ramp command
that would allow the transient dc bus voltage oscillation to meet the require-
ment has also been obtained, and this will be tested experimentally on the
prototype system in Chapter 4.
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CHAPTER 3
VOLTAGE CONTROLLER
IMPROVEMENTS
In this chapter, the procedure to obtain the current voltage controller will be
shown and new values of Kp and Ki will be chosen to improve the dynamic
performance. In Chapter 2, the first method of implementing a ramp in speed
reference command did improve the transient response on the dc bus voltage
output. This method however may not always be a possible option, since the
access to the speed controller is usually unavailable. The more critical issue
that had been noticed was that the time constant for the voltage controller
should have been far shorter than the time constant of the speed oscillation,
hence the oscillation at the dc bus voltage should not have been present. This
chapter will cover the derivation of the current voltage controller, and design
new Ki and Kp values for the PI controller, and its corresponding simulation
results. The results of the new controller will be shown in Section 3.3.
3.1 Controller Architecture
To design a controller for the active rectifier, the complexity of the system
should be reduced. A direct-quadrature-zero (dq0) transformation, a combi-
nation of Park and Clarke transformation, will convert three ac variables Va,
Vb and Vc that are
2pi
3
rads apart to two dc variables Vd and Vq. The same
transformation for current Iabc to Idq can also be done, respectively. With
reduced complexity, a regular PI controller can be implemented on the dq0
model which otherwise is not possible with a regular ABC model.
To design a controller for the system, an equation which governs the system
must be first derived. The fundamental power relation that the input power
is equal to the output power is given in Equation (3.1). The power consumed
or produced is the product of voltage and current, Equation (3.2).
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Pin = Pout (3.1)
P = V I (3.2)
The list of power consumed and produced follows:
• Power produced by the generator:
3
2
(Vsdisd + Vsqisq) (3.3)
• Power consumed by internal resistance:
3
2
R(i2sd + i
2
sq) (3.4)
• Power consumed by internal inductance:
3
2
L(isd
disd
dt
+ isq
disq
dt
) (3.5)
• Power consumed by the output:
vc(ic + iload) (3.6)
The combined balance equation given in Equation (3.7):
3
2
(Vsdisd+Vsqisq)− 3
2
R(i2sd+ i
2
sq)−
3
2
L(isd
disd
dt
+ isq
disq
dt
) = vc(ic+ iload) (3.7)
The dq0 transformation is locked to phase A, the d axis correspond to
the rotor flux and hence the quadrature q component will be zero (vsq =
0 ; isq = 0). Assuming isd is constant, (
disd
dt
= 0) and R value to be small and
negligible (R ≈ 0), Equation (3.7) can be reduced to Equation (3.9). Using
the voltage and current relationship of a capacitor shown in Equation (3.8),
the magnitude of the current across a capacitor is the product of capacitance
and change in voltage.
ic = C
dvc
dt
(3.8)
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32
Vsdisd = vcC
dvc
dt
+ vciload (3.9)
isd can be be a expressed as i
∗
sd plus a feed forward term. If the feed
forward term is set equal to 2
3
vc
vd
iload, Equation (3.9) can be rewritten to
Equation (3.10). Value C is a design parameter and given, vsd depends on
the nominal AC voltage magnitude, and the isd∗ is the input. Moving C
to the LHS, the LHS can be substituted by u, shown in Equation (3.11).
Replacing vc with v, Equation (3.10) has become a function of vc and u,
shown in Equation (3.12).
3
2
Vsdi
∗
sd = vcC
dvc
dt
(3.10)
u =
3
2
Vsdi
∗
sd
C
(3.11)
f(v, u) =
dv
dt
=
u
v
(3.12)
Equation (3.12) is proven to be a non-linear function, using the definition
of linearity [8]. Laplace transform can only be performed on linear time-
invariant (LTI) systems and hence linearization must be performed on the
function and the linearization of Equation (3.12) can be formulated in Equa-
tion (3.13) using Taylor expansion [9]. Linearizing at the equilibrium points
when input uo is zero and vo is set to an arbitrary value Vo + ∆vc, results in
Equation (3.14). ∆vc is the derivation from the nominal value Vo.
f(v, u) = f(vo, uo) + fv(vo, uo)(v − vo) + fu(vo, uo)(u− uo) (3.13)
f(Vo + ∆vc, uo) =
0
Vo + ∆vc
− 0
V 2o
∆vc +
1
Vo
u (3.14)
The first two terms on the RHS becomes zero, and combing Equation
(3.12) and (3.14) results in Equation (3.15). This relation is a linear function
and can be transformed into Laplace domain and the transfer function is
given in Equation (3.16), and its equivalent diagram shown in Figure 3.1. In
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Figure 3.2 is the system implemented with a PI Controller.
d∆v
dt
=
u
Vo
(3.15)
∆V (s)
U(s)
=
1
Vo
1
s
(3.16)
Figure 3.1: Block Diagram of Plant
Figure 3.2: Block Diagram of System with PI Controller
3.2 Ki and Kp through Pole Placement Strategy
The system in Figure (3.2) can be modeled with state-space representation.
Once state-space model, shown in Equation (3.17), MATLAB has a very
convenient command; place which can allow the user to decide the poles of
the system and calculate the corresponding K values. u will be substitute
back in terms of i∗sd shown in Equation (3.18).
d
dt
[∫
vc
vc
]
=
[
0 1
0 0
][∫
vc
vc
]
+
[
0
1
Vo
]
u (3.17)
d
dt
[∫
vc
vc
]
=
[
0 1
0 0
][∫
vc
vc
]
+
[
0
3
2
Vsd
CVo
]
i∗sd (3.18)
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To decide the location of the poles, the prototype transfer function of a
second order system from Chapter 2, also shown in Equation (3.19) and its
properties from Equation (2.28) to (2.30) can be used again. The transient
properties of the new controller must use the speed response as the reference.
The rise time of the speed response was tr = 0.09 s (2.24). The rise time
of the new controller will be set to half of that (3.20) and ζ picked with
a reasonable damping at 0.6 (3.21). The using equation (2.29), wn of the
system is calculated (3.22).
H(s) =
ω2n
s2 + 2ζωns+ ω2n
(3.19)
tr = 0.045s (3.20)
ζ = 0.6 (3.21)
wn = 41.466rad/s (3.22)
The poles of the prototype transfer function in Equation (3.19) are the
roots of s in the denominator with the ζ and wn values. The pole values, p1
and p2 are −24.88± 33.173j (3.23).
[p1, p2] = −24.88± 33.173j (3.23)
In Equation (3.18), the nominal dc bus voltage Vo is set to 88 V, capacitance
value C set to 1650µF and line to neutral voltage magnitude Vsd set to 15.4 V.
The resultant K values with the poles at the locations in Equation (3.23) are
shown in (3.24), respectively.
[Ki, Kp] = [10.811, 0.3129] (3.24)
In the next section of this chapter, the K values obtained in Equation
(3.24) will be used in the simulator and the resulting transient response will
be reanalyzed.
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3.3 Simulation Result of New Controller
The exact step command in speed change from Section 1.3 is initiated at
t = 0.5 s from 1 pu to 0.88 pu with the nominal reference voltage set at 88 V.
The transient dc bus voltage waveform is shown below in Figure 3.3. Note
that the oscillation at t ≈ 0 s can be ignored due to initial capacitor voltage
settings.
Figure 3.3: Dc Bus Voltage Transient Response during Step Speed Change
The oscillation of the dc bus voltage after the speed change has decreased
tremendously compared to the original controller. The magnitude of the
oscillation is negligible compared to the nominal voltage. Another test of a
load change from 0.2 A to 0.4 A at t = 0.5 s has also been conducted without
a speed change, shown in Figure 3.4. The transient response of a load change
also proves to be negligible.
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Figure 3.4: Dc Bus Voltage Transient Response during Load Change
In this chapter, the first section went over the procedure of designing the
voltage controller that the current simulation and actual system had. In Sec-
tion 3.2, new values of Ki and Kp for the voltage controller has been derived
based on the requirement of rise time tr, which was set to half of the rise time
of the speed response. The results of the new controller was satisfactory, the
oscillation magnitude during a speed change is well within the requirement
of ±2 %. In the next chapter, a combination of ramp command in speed
change and the new voltage controller will be implemented together in the
simulation and the actual system.
28
CHAPTER 4
RESULTS ON ACTUAL PROTOTYPE
SYSTEM
In this chapter, the results on the simulation and the actual prototype system
will be presented with the methods obtained in the previous chapters. With
a ramp down speed command derived in Chapter 2, and a new voltage con-
troller in Chapter 3, this chapter will present the results and then compared
with the initial prototype before implementing the improvements.
4.1 Combining Improvements on Simulation
Figure 4.1: Dc Bus Voltage Transient Response during Ramp Speed Change
A combination of a speed ramp command and the new voltage controller
is tested. The speed ramp command has a slope of -0.36 pu/s as done in
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previous section, and the same voltage controller as Figure 3.3 is used. The
transient dc bus voltage of this setting is shown in Figure 4.1. In this simula-
tion, the oscillation of the dc bus voltage only reaches a magnitude of 0.2 V.
This result is promising and the next sections of this chapter will show the
results on the actual system.
4.2 Effect of Ramp Command on the Prototype
System
A ramp command in speed had been implemented on the actual prototype
system. The system was unable however, to generate an ideal ramp as the
simulation, and the rate of change in slope was approximately -0.24 pu. With
this setting, the results of the transient response is shown in Figure 4.2.
Figure 4.2: Dc Bus Voltage Transient Response with Ramp Command
The results was better than expected; with the ramp command imple-
mented, the oscillation in speed has been completely eliminated and the
overshoot was only 0.5 % compared to nearly 2.3 % in Section 1.3. Further-
more, the response enters steady state within a second since the oscillation
is not present.
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4.3 Effect of New Controller on the Prototype System
With the new Ki and Kp values I have derived in Section 3.2, the gains will
be implemented on the actual prototype system. It is worth to note that
the Kp value was slightly reduced. The transient response of the new system
during a step command in speed change is shown in Figure 4.3.
Figure 4.3: Dc Bus Voltage Transient Response with Step Command
As expected, if a step command is initiated, the oscillation on the speed
was present. However, the results of the new controller still made a notewor-
thy difference. With the initial controller settings, the maximum overshoot
reached over 2.3 %; the new controller only has a short overshoot of 0.7 %
and ended rapidly.
4.4 Combining the Improvements on the Prototype
System
Finally, a combination of speed ramp command and the new values for the
controller is tested. The result of the transient response is shown in Figure
4.4 and shown in Figure 4.5 is the transient response of the original system
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for comparison.
Figure 4.4: Dc Bus Voltage Transient Response with Ramp Command
Figure 4.5: Dc Bus Voltage Transient Response of Original System
The results from the new system shown in Figure 4.4 are satisfying. The
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new controller has a much shorter time constant and responds faster; with the
ramp command in speed, the oscillation in speed is suppressed, and hence the
transient response has become trivial. Overall, the magnitude of overshoot
has been decreased from 2.3 % to less than 0.5%˙, the time it took to reach
steady state was reduced from over 1.5 s to 1.0 s.
This chapter has shown the results of the prototype system with the new
implementations. With the ramp command implemented, the oscillation in
speed during a speed change has been significantly reduced. With the new
controller parameters, the voltage controller has a shorter time constant and
responds faster. Nevertheless, the new controller has caused an issue during
the experiment as it draws more than 4 A of instantaneous current from the
generator which would trigger a safety switch and cause the system to shut
down. The actual Kp value used was slightly reduced from the value that
was obtained in Section 3.2.
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CHAPTER 5
CONCLUSION AND FUTURE WORK
The two methods of approach in this paper; implementing a ramp speed
command instead of a step command and improving the controller parame-
ters has both shown improvements in the results of simulation and the actual
prototype system. The requirement which is stated in Section 1.3 of having
an overshoot no more than ±2 % has been completely met with the combina-
tion of the two implementation. Not only was the magnitude of the overshoot
reduced, the transient time was also significantly and overall response miti-
gated.
Originally, the hypothesis was that the oscillation in speed was purely
caused by the mechanical properties of the generator and the prime mover.
After some experimenting with the new system, another conjecture can be
made that the oscillation in speed during a step command is caused by the
entire system. A sudden drop in speed causes a sudden reduction in out-
put voltage of the passive rectifiers, and the controller of the active rectifier
will draw more current from the generators. A difference in electrical and
mechanical torque in the generator causes the speed to further reduce and
undershoot the new reference speed. Conversely, as the speed increases, the
passive rectifier output increases and the active rectifier demands less current
and the speed overshoots, causing the oscillation.
While implementing a ramp command in speed and new controller param-
eters have improved the transient response in speed change, this cannot be
achieved in all cases. The underlying question is therefore whether a new
controller can be created with the additional information of the generator
speed. Can a controller predict the speed of the generator and suppress the
oscillation which is still partially present in the improved system? A con-
troller as such would be difficult to implement, but this could be a work to
look into in the future to improve the system.
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APPENDIX A
PROTOTYPE SETUP
The main design can be simplified to the circuit schematic shown in Figure
A.1. Three three-phase AC will be rectified and stacked together to result in
the dc bus voltage. Two of them will be passively rectified using diodes and
the other one actively controlled. To regulate the output voltage effectively,
several measurements need to be kept tracked for calculating the switching
operations. To do so, a voltage/current measurement board is required to
measure the required voltage and current and delivered to the riser board to
a TI (Texas Instrument) control box.
Figure A.1: Circuit Schematic of Prototype System
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The layout of the measurement board is shown in Figure A.2. After the
board was manufactured, the components were soldered shown in Figure A.3.
The completed measurement board with the riser board is shown in Figure
A.4. The voltage/current measurement board will measure the voltage for
the overall output voltage Vdcbus, output voltage across the passive rectifiers
Vpas and the output voltage across the active rectifiers Vact. The current
that will be measured is the phase A current and phase B current going into
the active rectifiers iabc, and the current leaving/entering at the output of
the active rectifiers iload; this current will be the same as the current going
into/out of the load.
Figure A.2: PCB Layout of Measurement Board
Figure A.3: Actual PCB of Measurement Board
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Figure A.4: Complete Measurement Board in Operation
Once the voltage/current measurement board was built, the system can
be set up. The generator has already been made by Phuc Huynh, which had
36 ports. Since there are 36 ports and 9 sets of output, each set of phases
will have four small outputs placed in series as shown in Figure A.5.
Figure A.5: Circuit Schematic (left) and Generator Output and Connection
(right)
For the passive rectifiers in the circuit schematic, a box was built with
the rectifier and passive capacitors inside as shown in Figure A.6. There are
two passive rectifiers in the box, each has three inputs (red, green, yellow)
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representing phase A, B, and C respectively. The output of the rectifiers will
be red and black. In the schematic shown on the left, the negative output
terminal of one rectifier will be connected to the positive output terminal with
the other, such that the output voltage will be stacked. The implementation
of the active rectifier will be realized with the TI Control Box Unit which
takes the readings from the voltage measurement board through the riser
board to operate the switching of the active rectifier to maintain a certain
dc bus voltage.
Figure A.6: Circuit schematic (left) and Passive Rectifiers (right)
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APPENDIX B
ELECTRICAL AND MECHANICAL
TORQUE
The mechanical torque Tm provided by the prime mover is always balanced
with the electromagnetic torque Te from the generators and any mechanical
loss Tloss, expressed in Equation (B.1).
Tm = Te + Tloss (B.1)
The mechanical power supplied by the prime mover is the product of the
torque Tm and the synchronous rotational speed ωsyn given in Equation (B.2).
Pm = Tm · ωsyn (B.2)
The electromagnetic power Pe of a three-phase system, is given in Equation
(B.3).
Pe = 3 · Vn · In · cos(θ) (B.3)
The final mechanical and electromagnetic power relationship can be ob-
tained from Equation (B.1)-(B.3) to (B.4) [3].
Pm = Pe + Ploss (B.4)
The resulting speed ωsyn in a steady state is dependent on the integral
of the difference between the mechanical torque Tm and electrical torque Te
(obtained from Pe). According to this relationship, when Te changes, ωsyn
will change accordingly, shown in Equation (B.5).
∆ωm(t) =
1
2H
∫ t
0
Tm − Te dt−Kd∆ωm(t) (B.5)
For instance, when there is an increase in load at the electrical output, the
required Pe increases accordingly, resulting a higher Te. If Tm remains the
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same, from Equation (B.5), it can be concluded that the change in speed ωsyn
will decrease. The mechanical torque Tm therefore needs to be increased; this
can be achieved through a speed regulator.
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